Summary. Samples from corpus haemorrhagicum, mid-cycle corpus luteum (CL) and late-cycle CL were tested for their abilities to stimulate neovascularization of chorioallantoic membranes (CAM) of developing chicks. Responses were graded from 0 to 4 (4 being the greatest response). Luteal tissue implants from each stage of the oestrous cycle stimulated growth of CAM blood vessels, and vascular responses increased with age of CL. Implants from late-cycle CL were typically graded 3 or 4. Luteal tissues from several stages of development were also incubated for 6 h in serum-free medium containing no hormone, LH, PGF-2\g=a\or both hormones. Media conditioned by luteal tissues were assayed for progesterone and tested for their ability to stimulate mitogenesis and migration of bovine aortic endothelial cells in vitro. All media conditioned by luteal tissues stimulated mitogenesis and migration of endothelial cells, but media from late-cycle CL exhibited the greatest activity. Luteinizing hormone significantly increased in-vitro secretion of a factor(s) that stimulated migration of endothelial cells. PGF-2\g=a\alone had no effect on production of endothelial cell mitogen or migrationstimulating factor(s) from luteal incubations; however, the ability of LH to enhance secretion of the migration-stimulating factor(s) was blocked by PGF-2\g=a\. This study demonstrates that angiogenic activity of bovine luteal tissues increases with age of the CL and in-vitro secretion of angiogenic factor is responsive to hormones known to regulate luteal function.
Introduction
Regulation of blood vessel growth may be especially important in reproductive tissues (ovary, placenta) which represent normal tissues that exhibit dynamic, periodic growth and regression of vascular beds with concomitant changes in rates of blood flow (Bassett, 1943; Barcroft & Barron, 1946; Ford et ai, 1982; Garverick & Smith, 1986; Moor & Seamark, 1986; Reynolds et al., 1986) . The cyclic establishment and survival of structures in the ovary (i.e. follicles, corpora lutea) may be dependent on their ability to recruit a vascular supply. That rapidly growing tissues must recruit a blood supply was recognized by Folkman & Cotran (1976) and Folkman (1982) who demonstrated that tumour growth progressed only if preceded by recruitment and establishment of a functional vascular supply.
Tissue mass of corpora lutea (CL) changes dramatically during the 21-day oestrous cycle of the cow, with concomitant changes in luteal progesterone production (Erb & Stormshak, 1961; Bowerman & Melampy, 1962; Erb et al., 1971; Britt et ai, 1981; Hansel & Convey, 1983) . Blood •Visiting scientist from: Animal Physiology Department, University of Agriculture and Technology, Olsztyn, Poland. flow to the CL also changes rapidly during luteal development, and the mature CL receives one of the greatest rates of blood flow of any organ, typically reaching 10-15 ml/min per gram of tissue during the mid-luteal phase (Bruce & Moor, 1976; Ford & Chenault, 1981; Ford et al., 1982) . Early investigators, impressed by the extensive development of luteal vascular beds, recognized that capillary growth (angiogenesis) may be a primary factor in development and function of CL (Clark, 1900; Andersen, 1926; Bassett, 1943) . Little is known, however, about regulation of luteal angiogenesis.
Several studies present compelling evidence that luteal tissue is highly angiogenic. Tissues from corpora lutea of several species have been shown to stimulate growth of blood vessels in various invivo bioassays (Jakob et al., 1977; Gospodarowicz & Thakral, 1978; Koos & LeMaire, 1983a,b) . Likewise, extracts of luteal tissues stimulate mitogenesis of endothelial cells (Gospodarowicz & Thakral, 1978; Heder et al., 1979) . Primate CL secrete a factor(s) that stimulates migration of endothelial cells (Redmer et ., 1985) . The aim of the present investigation was to study angiogenic activity of bovine luteal tissue from different stages of the oestrous cycle. Experiments were also designed to investigate in-vitro production and/or release of angiogenic factors from luteal tissues and to determine the effects of luteotrophic and luteolytic hormones on production of these factors. Preliminary results have been reported in abstract form (Grazul et al., 1986) .
Materials and Methods
Preparation of luteal tissue. Ovaries were collected from non-pregnant cows at slaughter and classified as corpora haemorrhagica (about Days 1-4 of the oestrous cycle), mid-cycle CL (about Days 5-17) or regressing late-cycle CL . Stage of luteal development was assessed as described by Ireland et al. (1980) . Immediately after collection, ovaries were placed into sterile phosphate-buffered saline (PBS; 001 M-phosphate, 0T4M-NaCl, pH 7-3) containing antibiotics (100 u penicillin/ml; 100 µg streptomycin/ml) and transported to the laboratory. Luteal tissue was dissected from the ovary, rinsed in sterile PBS, then minced into small pieces in PBS containing antibiotics. Minced luteal tissue was then used in the chick chorioallantoic membrane bioassay or prepared for incubation. Bovine fetal semitendinosus muscle, used as a control tissue for the chick chorioallantoic membrane bioassay, was prepared similarly to luteal tissue.
Chick chorioallantoic membrane bioassay. The bioassay was used for in-vivo measurement of angiogenic activity of bovine luteal tissues. The bioassay used in this study was modified (Reynolds et al., 1987) MO) , bovine insulin (300 mi.u./ml: Gibco), transferrin (5 µg/ml: Sigma), hydrocortisone (40 ng/ml: Sigma), penicillin (50 U/ml: Gibco) and streptomycin (50µg/ml: Gibco). Hormone treatments consisted of media containing a final concentration of (1) no hormone, (2) bovine luteinizing hormone (LH, 1 µg USDA-b5/ml), (3) prostaglandin (PG) F-2a (1 µg/ml: Upjohn, Kalamazoo, MI) or (4) LH and PGF-2a. Minced samples of tissue (200 mg) from each corpus haemorrhagicum or CL were incubated in 3 ml medium in polystyrene culture tubes. Tubes were placed into a 37°C shaking water bath at 100 cycles/min and preincubated for 30 min before addition of hormones. After preincubation, hormones were added and tissues were incubated for an additional 6 h. Luteal conditioned media were then centrifuged at 400 g for 5 min and stored at -20°C until assayed for progesterone and angiotrophic activity. For control, tubes were incubated without tissue but with the above serum-free media (with and without hormones).
Endothelial cell mitogenesis and migration bioassays. The ability of media conditioned by luteal tissues to stimulate mitogenesis of endothelial cells was used as an estimate of angiogenic activity (Gospodarowicz & Thakral, 1978; Shepro & D'Amore, 1984; Koos, 1986) with procedures described by Redmer et al. (1987) and Reynolds et al. (1987) . Samples of conditioned media were assayed at a final concentration of 20%.
To test the ability of luteal conditioned media to stimulate migration of endothelial cells in vitro, chemotaxis assays were conducted as described by Redmer et al. (1985) and Redmer et al. (1987) added; r = 0-99). Assay sensitivity was 12pg/tube, and intra-and inter-assay coefficients of variation were 4-8 and 12-6%, respectively. Statistical procedures. Data from the chorioallantoic membrane assay were analysed by using least-squares analy¬ sis of variance for a completely randomized design. Data from the progesterone, mitogenesis and migration assays were analysed using least-squares analysis of variance for a 3 2 2 factorial design with stage of cycle, concen¬ tration of LH, and concentration of PGF-2a as the main effects. All interactions were included in the model. When the F-test was significant (P < 005) differences between specific means were evaluated by using the Bonferroni t test (Kirk, 1968) .
Results
Luteal tissues from each stage of the oestrous cycle (16 cows/stage) stimulated formation of'spokewheel' vascular patterns on the chorioallantoic membrane. Fetal muscle (n = 5) caused minimal vascular response (graded 0-5 ± 0-2; see Fig. 1 ). Angiogenic activity of luteal tissue increased (P < 005) as the luteal phase progressed (graded 1-9 ± 0-2 and 2-4 ± 0-2 for corpora haemorrhagica and mid-cycle CL), with late-cycle luteal tissues exhibiting the greatest vascular 'spokewheel' responses on the chorioallantoic membrane (graded 3 0 ± 01; see Fig. 1 Conditioned media from all luteal tissues stimulated (P < 001) migration of endothelial cells (Fig. 2) . Migration-stimulating activity of conditioned media was greater (P < 005) in media from late-cycle CL than in conditioned media for the other 2 stages of the oestrous cycle. Addition of LH to luteal incubations increased (P < 001) migration-stimulating activity of conditioned media across all stages compared to treatments without LH (Fig. 2) . PGF-2a blocked (P < 001) the LH-induced increase of migration-stimulating activity but had no effect on basal secretion of this activity (Fig. 2) . No significant stage of cycle by LH or PGF-2a interactions were observed. LH and PGF-2a (alone or in combination) in control media had no effect on endothelial cell migration (mean number of migrated cells/well = 1-7 ± 01 IO3).
Luteinizing hormone alone stimulated (P < 005) in-vitro progesterone production from corpora haemorrhagica and mid-cycle CL (Table 1) . PGF-2a increased (P < 005) progesterone production by corpora haemorrhagica only. In corpora haemorrhagica and mid-cycle CL, pro¬ gesterone concentrations in conditioned media containing both LH and PGF-2a were similar to concentrations in media without hormones. Conditioned media from late-cycle CL contained significantly less (P < 001) progesterone than did media from other luteal tissues. proliferation of endothelial cells (Shepro & D'Amore, 1984 (Armstrong & Black, 1966; Milvae & Hansel, 1983; Pate & Condon, 1984) , the incubation procedure used herein seemed adequate for maintenance of normal luteal functions. Bovine luteal tissues from all stages of the oestrous cycle were angiogenic. As shown by others (Jakob et al., 1977; Gospodarowicz & Thakral, 1978; Koos & LeMaire, 1983a,b) , fresh luteal tissue was able to stimulate formation of blood vessels in vivo. Although all luteal tissue, whether developing or regressing, contained angiogenic activity in the present study, late-cycle CL exerted the greatest angiogenic response in in-vivo and in-vitro bioassays. Marked 'spokewheel' infiltration of chorioallantoic membrane blood vessels to the site of implantation of tissue samples as well as a complex web of blood vessels around the luteal implant was often observed for late-cycle CL. Koos & LeMaire (1983a) reported that chorioallantoic membrane vessels often infiltrated and revascularized luteal tissue implants from rats. In the present studies the implanted luteal tissues were not examined histologically; however, when observed by stereomicroscopy ( 40), erythrocytes in capillary vessels could usually be seen penetrating the surface of implants from late-cycle CL.
In considering luteal vascular development, our initial hypothesis was that early, developing CL would contain the greatest angiogenic activity to sustain rapid growth, increased blood flow and metabolic activity (Erb & Stormshak, 1961; Bruce & Moor, 1976; Ford & Chenault, 1981; Ford et al., 1982) . The present studies, however, demonstrated that, although angiogenic activity was present in corpora haemorrhagica, late-cycle CL were more active in stimulating angiogenesis as estimated by all three bioassays. Since termination of luteal function includes degeneration of luteal tissue and decreased steroidogenesis (Erb& Stormshak, 1961; Armstrong & Black, 1966; Milvae & Hansel, 1983) concomitant with vascular atrophy (Niswender et al., 1976; Koos & LeMaire, 1983a Doboszynska & Ziecik, 1986 , it seems paradoxical that tissue from late-cycle CL exhibited the greatest angiogenic activity. However, during luteolysis the rapid reduction in luteal weight may be accompanied by restructuring of vascular networks to aid in the résorption of degenerating luteal tissue. Earlier reports (Anderson, 1926; Bassett, 1943; Moss et al., 1954) showed that regressing CL and those from the previous oestrous cycle undergo continuous vascular restructuring. Likewise, the late-cycle CL appears to have a complex vascular organization, and résorption of the vascular bed does not keep pace with the rapid regression of the parenchyma (Bassett, 1943) . Endothelial cells of rat corpora lutea exhibit dramatic changes in mitotic index throughout gestation, with the greatest mitotic rates occurring during mid-pregnancy (Meyer & Bruce, 1979; Tamura & Greenwald, 1987) . Thus development of luteal microvasculature seems to be a dynamic process. Alternatively, in the present study, the observed increases in angiogenic activity of late-cycle CL could result from an initial rebound in luteal tissue function following removal from an inhibitory in-vivo environment.
In the present study, LH stimulated luteal production and/or release of a factor(s) that stimu¬ lated migration of endothelial cells and response to LH was similar across all stages of the oestrous cycle. Luteinizing hormone has been shown to have several other effects on the ovarian vascular system: LH induces luteal hyperaemia and increases blood flow to the CL (Niswender et al., 1976) , and causes degranulation of mast cells (Krishna & Terranova, 1985 (Folkman et al., 1983; Folkman, 1985) and may be involved in luteal angiogenesis. This report demonstrates for the first time that, not only does bovine luteal tissue secrete endothelial cell mitogenic and migration-stimulating factor(s) in vitro, but secretion of migration-stimulating factor may be regulated, in part, by LH. A previous report by Redmer et al. (1985) demonstrated that the primate CL also secretes an endothelial cell migration-stimulating factor. Although addition of human chorionic gonadotrophin (hCG) to luteal cell incubations in that study had no significant effect on secretion of angiotrophic activity, luteal-conditioned media from hCG-stimulated luteal cell cultures tended to have greater endothelial cell migrationstimulating activity compared to controls. Furthermore, consistent with a previous report , results from the present experiment suggest that the migration-stimulating factor(s) is different from the mitogenic factor(s), since only one is stimulated by LH. These data support the notion that luteal angiogenesis is a very complex process with perhaps many different regulators.
Prostaglandin F-2a inhibited LH-induced increases in luteal production of endothelial cell migration-stimulating factor(s). Since PGF is luteolytic in the cow (Inskeep, 1973; Hafs et al., 1974) , it may act to block stimulation and/or maintenance of vascular formation by LH, which in turn may be involved in the cessation of luteal function. This phenomenon also supports the explan¬ ation that the greater activity found in media conditioned by late-cycle CL resulted from a rebound in angiogenic factor production following removal of the regressing luteal tissue from an otherwise suppressive (luteolytic) in-vivo environment.
In summary, the results from these studies show that bovine luteal tissues from several stages of the oestrous cycle stimulate in-vivo and in-vitro angiogenic responses and activity increases during the cycle. Our data also suggest that a luteoangiotrophic action of LH may be directed at endo¬ thelial cell migration, and that migration may be blocked by the luteolytic hormone PGF-2a. These findings emphasize the critical role hormones may play in luteal vascular dynamics. Their 
